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Abstract
Background: A bicuspid aortic valve (BAV) is the most common congenital cardiac malformation and is associated with ascending aortic dilation in 60-80% of 
patients. Structural differences in aortic wall architecture have been noted between patients with BAV and a tricuspid aortic valve (TAV). The purpose of this study 
was to analyse a possible correlation between hemodynamics and vessel wall structure in aortopathy in BAV patients.  
Methods: BAV (n=36) and tricuspid aortic valve (TAV) (n=17) patients undergoing aortic valve replacement underwent pre-operative flow MRI assessment to detect 
the area of maximal flow-induced stress in the proximal aorta. Based on these MRI data paired aortic wall samples (i.e. area of maximal jet impact (jet sample) and 
the opposite aortic wall (non-jet sample)) were collected during surgery. The jet and non-jet sample were graded for seven histopathologic features, referred to as 
pathology score. 
Results: Comparing the jet and non-jet samples in both BAV and TAV, regions of maximal jet impact did not show any difference in the pathology score in the 
adventitia, middle and outer media even if corrected for aortic stenosis/ regurgitation, aortic dilation and raphe position. In the jet samples, the inner media however 
showed loss of actin expression in both BAV (p<0.0001) and the TAV (p=0.0074) and the intima thickness was significantly enlarged in both patient groups (BAV 
p=0,0005, TAV p=0,0041). 
Conclusions: On the jet side an activation of the inner layers of the aortic wall is seen in all patients of both BAV and TAV groups. 
Introduction 
Bicuspid aortic valves (BAVs) are associated with an increased 
risk for aortic dilation and dissection [1, 2]. Many studies have 
focused on the pathogenesis of aortopathy in BAV patients, which 
can roughly be divided into two categories advocating either genetic 
or hemodynamic causal factors. Structural differences in aortic wall 
histopathology have been shown between patients with BAV and 
a tricuspid aortic valve (TAV) [3-6]. The ascending aortic wall in all 
BAV patients is characterized by an immaturity of the vascular smooth 
muscle cells (VSMC) [3] and less ageing histopathology features, such 
as inflammation and cystic medial degeneration (CMD) [7]. Structural 
differences of the aortic wall between both valve types have recently 
been  accepted in the clarification statement from the American College 
of Cardiology/ American Heart Association, stating that histologic 
properties of the ascending aorta between BAV and TAV differ, 
raising the possibility that the aortic wall might be more vulnerable for 
dilation in BAV patients [8]. Several attempts have been made to detect 
molecular biological factors to identify BAV patients with an apparent 
non-dilated aorta but possibly an increased susceptibility for aortic 
complications [4, 9]. 
Also the role of valve related hemodynamics in the development of 
aortic complications in BAV is being studied [10-12]. Flow-sensitive 
cardiac magnetic resonance imaging (CMR) with full volumetric 
coverage of the ascending aorta (4-dimensional 4D flow CMR) can 
visualize and measure aortic 3-dimensional blood flow patterns, such 
as flow jets, vortices, and helical flow. It has been shown that even 
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ventricular outflow tract (LVOT) and the proximal aorta was performed 
as has earlier been described [16]. Figure 1  shows the location of the jet 
and the  the angle at which the flow jet hits the aortic wall in the flow 
velocity-encoded window. 
Tissue samples
Based on preoperative MRI analysis, two aortic specimens were 
collected from the aortotomy incision in patients who underwent 
isolated AVR only and from intraoperatively excised aortic tissue in 
the patients who required simultaneous ascending aortic replacement. 
The first aortic specimen obtained from the area of maximal jet impact 
as identified by MRI analysis was called the ‘jet-sample’. The second 
sample was collected from the opposite aortic wall and is referred to 
as the ‘non-jet sample’.  Both samples were fixed in 4.5% pH buffered 
formalin and embedded in paraffin by the Institute of Pathology, 
University Hospital Jena, Germany. In the Leiden University Medical 
Center, transverse sections were mounted on precoated Starfrost slides 
(Klinipath BV, Duiven, The Netherlands). 
Histopathologic parameters and analysis 
Transverse sections (5 µm) were stained with haematoxylin-eosin, 
resorcin fuchsin, and for alpha smooth muscle actin (αSMA) and 
smooth muscle 22 alpha (SM22α). The staining protocols have been 
described in detail in a previous paper (3) of our group. MOVAT 
pentachrome staining was performed on 4 µm sections, the staining 
protocol was used as described before [17].
A pathology score was developed based on the sum score [7,16] and 
the recently published aortic consensus paper statement on surgical 
pathology of the aorta [18]. We selected histopathologic parameters, 
which were, if applicable, graded (semi-) quantitatively in the tunica 
intima, media and adventitia. The following parameters were studied 
1) Intimal architecture, including endothelial cell and subendothelial 
layer structure and the absolute intimal thickness (the distance between 
the endothelial layer and the first major internal elastic lamellae, 
excluding atherosclerotic areas) in µm. 2) Intimal atherosclerosis 
indexed from 0 (none), 2 (mild), 4 (moderate) to 6 (severe). 3) Medial 
VSMC differentiation, based on the expression of the differentiated 
VSMC marker SM22α (19), indexed from 0 (no expression in VSMCs), 
2 (expression in less than one-third of all VSMCs), 4 (expression in 
two-third of all VSMCs) to 6 (expression in more than two-third of 
all VSMCs), 4) Medial elastic fiber degradation (EFD) indexed from 
0 (none), 2 (mild), 4 (moderate) to 6 (severe), 5) Medial mucoid 
extracellular matrix accumulation (MEMA) indexed from 0 (none), 
2 (mild), 4 (moderate) to 6 (severe). 6) Loss of VSMC nuclei in the 
tunica media (CMD) indexed from 0 (none), 2 (mild), 4 (moderate) 
to 6 (severe) and 7) Adventitial inflammation (presence of a cellular 
infiltrate in the adventitia), indexed from 0 (no inflammatory cells), 2 
(a few cells), 4 (groups of cells) to 6 (large clusters of cells). 
We performed an additional analysis on the expression of αSMA 
in the inner media indexed from 0 (expression in less than one-third 
of all VSMCs) to 6 (expression in more than two-thirds of all VSMCs). 
non-stenotic or regurgitant BAVs are still associated with disturbed 
flow patterns in the ascending aorta, with regional increases in wall 
shear stress [13, 14].The question, however, remains whether the 
impact of jet on the ascending aortic wall is sufficient to explain the 
observed structural differences of the aortic wall between BAV and 
TAV. It is also still unclear whether the hemodynamic effects on the 
aortic wall can be related to dilation of the ascending aorta, the raphe 
position in the valve leaflets or stenosis or insufficiency of the aortic 
valve. In search of a solution, we studied the effect of hemodynamics 
on the histopathology of ascending aortic wall in both BAV and TAV 
patients. We measured the area of maximal jet impact by flow magnetic 
resonance imaging and analyzed the histopathology characteristics in 
paired jet and non-jet-samples of BAV and TAV aortic wall tissue. 
Material and methods
Ethical approval 
Sample collection and handling was carried out according to the 
official guidelines of the Medical Ethical Committee of the Central 
Hospital Bad Berka. All patients gave written informed consent.
Study population and preoperative cardiac phase-contrast 
cine magnetic resonance imaging examination
All consecutive patients with a BAV or a TAV with stenosis or 
regurgitation undergoing aortic valve replacement (AVR) with or 
without concomitant proximal aortic replacement at the Central 
Hospital, Bad Berka, Germany from January 2012 through February 
2014 were evaluated prospectively. A total of 36 BAV patients (mean 
age 55.8 ± 8.7 years, 72% male) and 17 TAV (mean age 60 ± 8.9 years, 
82% male) were included in the study. The BAV and TAV patients 
were subdivided in 6 groups on the basis of aortic dilation, aortic 
stenosis or regurgitation and raphe position (for BAV patients). The 
morphology and function of the aortic valve was assessed preoperative 
by echocardiography and cardiac phase-contrast cine magnetic 
resonance imaging (MRI) in all patients. An aortic valve was considered 
bicuspid if two-dimensional (2D) short-axis imaging of the aortic 
valve demonstrated the existence of only two commissures delimiting 
two aortic valve cusps. The final decision regarding the bicuspidy of 
aortic valve was however made based on the intraoperative description 
of valve anatomy by the surgeon, i.e. the existence of three normal 
commissures for TAV and two normal commissures for BAV. Aortic 
valve stenosis and regurgitation was defined according to guidelines [15].
The diameter of the proximal aorta was measured preoperatively 
by means of transthoracic echocardiography and MRI. Dilation was 
defined by reaching an ascending aortic wall diameter of 45mm or 
more [8]. Patient characteristics are summarized in Table 1.
All patients underwent cardiac phase-contrast cine MRI 
examination preoperatively to detect the area of maximal jet impact 
in the proximal ascending aorta. A single non-contrast cardiac MRI 
(Avanto 1,5T scanner; Siemens, Erlangen, Germany) which included 
















Age (years) 62±6 58±11 55±10 59±7 60±10 49±3
Male gender 6 (86%) 8 (80%) 5 (63%) 10 (71%) 5 (83%) 6 (75%)
Proximal aorta (mm) 38±4 50±3 40±4 38±4 49±1 55±5
Table 1. Patient characteristics 
TAV: Tricuspid aortic valve, BAV: Bicuspid aortic valve, AoS: aortic valve stenosis. AoR: aortic valve regurgitation
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Figure 1. Figure adapted from Girdauskas et al. (29). Angle between systolic peak velocity 
flow jet and the aortic area in direct contact with the flow jet as identified by CMR (Flow 
Velocity-Encoded Phase-Contrast Imaging). (A) Cross-sectional line across the proximal 
aorta at the point where the systolic flow jet contacts on the aortic wall; (B) tangential line, 
perpendicular to line A; α = angle between line B and vector of transvalvular flow (i.e., jet/
aorta angle). CMR = cardiac magnetic resonance.
All specimens were evaluated by two independent researchers, who 
were blinded to the collection site of aortic specimens (i.e. jet sample 
versus non-jet sample).
Statistical analysis
Standard definitions were used for patient variables and outcomes. 
Categorical variables are expressed as percentages and continuous 
variables are expressed as mean ± SD with range. All analyses were 
performed with the IBM SPSS 19.0 software (IBM corp., New York, 
NY, USA). For the effect of the non-jet vs jet we calculated odds-ratios 
between the two conditions. To accommodate the repeated, within 
patient (non-jet vs jet), four-category, ordered, outcomes we used 
Generalized Estimating Equations (GEE) to apply repeated measures 
ordinal logistic regression to calculate the odds ratios of the non-jet vs 
the jet condition adjusting for possible other predictors.
Results
Differences between non-jet bicuspid and tricuspid ascending 
aortic wall specimen
The described pathology score was first evaluated in the non-
jet samples of BAV and TAV patients, both non- and dilated before 
comparing the jet to the non-jet side.
The ascending aortic wall consists of three layers: the tunica intima, 
media (consisting roughly of equal parts of inner, middle and outer 
media) and adventitia (Figure 2). 
The intima was significantly thicker in all TAVs versus BAVs 
(p=0.004). Atherosclerosis in the tunica intima was more severe in the 
TAV versus BAV specimen (p=0.044). 
The media showed significantly more differentiated VSMCs 
(p=0.001), MEMA (p=0.018) (Figure 3A), accompanied by EFD 
(p=0.001) (Figure 3B) and CMD (p=0.001) (Figure 3C) in the dilated 
TAVs. Adventitial inflammation was not apparent in both BAV and 
TAV samples. The described differences in intima and media in the 
dilated and non-dilated BAV and TAV population were in line with 
earlier studies on a different population, except for the incidence of 
inflammation [3].
Differences between the jet and the non-jet in bicuspid and 
tricuspid specimen 
To study the effects of hemodynamics paired comparisons of the 
pathology score were  performed between the jet and non-jet sides 
within the BAV and TAV group (Table 2). The parameters for intimal 
atherosclerosis, medial VSMC differentiation, EFD, MEMA and CMD 
differences between the jet and non-jet side remained non-significant 
even if corrected for aortic dilation, the raphe position and whether 
the aortic valve was stenotic or regurgitant. Despite having an identical 
pathology score in the outer and middle aortic media, some differences 
were noted between the jet and non-jet samples in the inner media 
and intima in both BAV and TAV which were not covered by the 
parameters studied in the pathology score. First of all, independent of 
the difference in intimal thickness between BAV and TAV, as described 
for the non-jet samples, we observed a significant increase in intimal 
thickening on the jet side as compared to the non-jet side in both BAV 
(p=0.0005) and TAV (p=0.0034) patients (Figure 4A-F, graph 3G). The 
tunica media thickness, however, did not differ significantly between 
the jet and non-jet sample. 
We further observed that the internal elastic lamella on the 
borderline with the inner media was more fragmented in the jet 
as compared to non-jet side. It fanned out making the borderline 
between intima and inner media fuzzy. Thus, the distance between the 
endothelial layer and the first marked internal elastic lamellae appears 
larger on the jet side in all studied specimen (Figure 4A-F). Besides 
an enlargement of the distance between the endothelial layer and the 
internal elastic lamellae, the structure of the intimal layer was also 
changed. The intima in the non-jet samples of all BAV and TAV was 
almost devoid of αSMA expressing cells (Figure 4C), whereas in the jet 
samples there is an obvious increase in expression of αSMA mostly in 
the outer intima (Figure 4F). In the inner media, opposed to an increase 
of αSMA in the outer intima, significant decrease in αSMA expression 
on the jet side in both BAV (p<0.0001) and TAV (p=0.0074) (Figure 
4F, graph 4H) was seen. The decrease in αSMA expression in the inner 
media was not accompanied by loss of elastic fibers or loss of nuclei 
in the inner media (Figure 4D,E)). The observed differences between 
the jet- and non-jet samples were independent of aortic dilation, the 
position of the raphe and whether the aortic valve was stenotic and 
regurgitant.  
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Figure 2. Transverse histologic section (5µm) of the ascending aortic wall in a non-dilated TAV (non-jet side), stained with resorcin fuchsin (A), hematoxylin eosin (B) and alpha smooth 
muscle actin (αSMA) (C). The arrows indicate the tunica intima (i), tunica media (m), tunica adventitia (a), inner media (im), middle media (mm) and outer media (om). Scale bar 100µm.
Features Score BAV-jet     n(%)
BAV-non jet 
    n(%) p-value Odds ratio 95% C.I.




SMC differentiation 0 3(9) 0(0) 0.395 1.517 0.581-3.962
2 28 (80) 29 (85)
4 4 (11) 5 (15)
6 0 (0) 0 (0)
EFD 0 31 (86) 29 (88) 0.744 0.920 0.558-1.517
2 4 (11) 3 (9)
4 1 (3) 1 (3)
6 0 (0) 0 (0)
MEMA 0 7 (20) 5 (15) 0.453 1.246 0.702-2.210
2 26 (74) 27 (82)
4 2 (6) 1 (3)
6 0 (0) 0 (0)
CMD 0 29 (81) 32 (94) 0.051 0.235 0.059-1.041
2 7 (19) 2(6)
4 0 (0) 0 (0)
6 0 (0) 0 (0)
Atherosclerosis 0 8 (57) 11 (69) 0.569 0.828 0.433-1.585
2 4 (29) 4 (25)
4 1 (7) 1 (6)
6 1 (7) 0 (0)
SMC differentiation 0 1 (7) 0 (0) 0.586 1.007 0.982-1.034
2 1 (7) 2 (13)
4 5 (33) 6 (40)
6 8 (53) 7 (47)
EFD 0 7 (44) 6 (38) 0.672 1.190 0.532-2.660
2 4 (25) 6 (38)
4 4 (25) 3 (19)
6 1 (6) 1 (6)
MEMA 0 1 (8) 1 (7) 0.514 0.715 0.262-1.957
2 5 (39) 8 (53)
4 7 (54) 6 (40)
6 0 (0) 0 (0)
CMD 0 6 (40) 5 (33) 0.987 0.994 0.467-2.113
2 3 (20) 5 (33)
4 4 (27) 3 (20)
6 2 (13) 2 (13)
Table 2 . Results
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Discussion
Bicuspidy is the most common cardiac malformation, with 
an increased risk for aortic complications as aortic dilation and 
dissection. In search of factors leading to an increased vulnerability 
for complications both genetic and hemodynamic explanations have 
been put forward. In this study we aimed to address the hemodynamic 
theory by studying the effect of flow/shear stress on the architecture of 
the ascending aortic wall. A pathology score was developed focusing 
on seven histopathology parameters: intimal architecture, intimal 
atherosclerosis, medial VSMC differentiation, EFD, MEMA and CMD 
and adventitial inflammation.  The results show that in the current 
patient population we could confirm earlier described differences 
between the BAV and TAV patients [3,7] to which we could now add 
that this was consistent for the non-jet and jet side of the aortic wall. 
Between the paired jet and non-jet samples, histopathology features 
described in the pathology score were similar in the adventitia, and 
media in both BAV and TAV. Even after correcting for factors as raphe 
position for BAV, aortic dilation and aortic valve dysfunction. 
The parameters used for the pathology score did not allow us to 
detect differences between the jet and non-jet group in the middle and 
outer media. However, jet related changes were observed in the inner 
media and intima. 
Figure 3. Transverse histologic section of the middle media of the ascending aortic wall, in a dilated TAV (non-jet side), stained with MOVAT pentachrome staining (A), resorcin fuchsin 
(B) and alpha smooth muscle actin (αSMA) (C). The arrows indicate extracellular matrix accumulation (MEMA) in 2A, elastic fiber loss and fragmentation in 2B and loss of VSMC nuclei 
in 2C. Scale bar 50µm.
Figure 4. Transverse histologic sections (5µm) of the ascending aortic wall in a dilated BAV comparing the non-jet (A-C) and the jet side (D-F). The sections are stained for hematoxylin 
eosin (HE) (A,D), resorcin fuchsin (RF) (B,E) and alpha smooth muscle actin (αSMA) (C,F). The borderline of intima and inner media is indicated by the dashed line, showing a significantly 
thicker intima in the jet as compared to the non-jet side (graph G). At the jet side an increase in αSMA expression is seen in the outer thickened intima (F, indicated with *) as well as a 
significant decrease of αSMA expression in the inner media (F, indicated with **), graph H), which is however not accompanied by loss of elastic lamellae (E) or VSMC nuclei (D) in the 
inner media. Scale bar 100µm.
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A significant increase in intimal thickness was noted between 
the BAV and TAV jet samples versus the paired non-jet samples. 
Almost a complete loss of VSMC actin expression in the inner 
media was found. Supported by literature data [19-23] we propose 
a flow related phenomenon. Human VSMCs are highly specialized 
and have the unique ability to undergo a phenotypic switch from a 
quiescent contractile state to a more proliferative, synthetic state [19] 
accompanied by loss of VSMC actin. Dedifferentiation of VSMCs 
from a contractile to synthetic state can occur in response to changes 
in local environmental cues such as hemodynamic circumstances that 
normally regulate the phenotype of VSMCs [20,21,23]. 
The synthetic VSMCs proliferate, migrate and produce ECM 
components [19]. Flow mediated dedifferentiation of VSMCs has been 
described in patients with untreated transposition of the great arteries 
The pulmonary artery, which was exposed to increased shear stress from 
the systemic circulation, also showed loss of VSMC actin expression in 
the inner and middle media, with an increase in the distance between 
the endothelial cell layer and the internal elastic lamella [22]. During 
development of intimal thickening in the human ductus arteriosus, 
a vessel subject to marked hemodynaic stress, a phenotypic αSMA 
poor population of VSMCs was observed in the intimal cushion [24]. 
Dedifferentiation of VSMCs was also detected in the neo-intima of 
growing coronary collaterals [25].  In our study the inner media in the 
non-jet samples showed expression of αSMA whereas in the jet samples 
the expression is lost and an increase in expression is seen in the 
intimal layer, which could be compared to the development of a neo-
intima in coronary collateral vessels as described by Schaper [25]. The 
loss of SMA expression in the inner media and without loss of VSMC 
nuclei is also a support for  for a phenotypic switch to a non-contractile 
state of the VSMCs, which generally is a prerequisite for migration and 
proliferation [19,26]. We postulate, therefore, that resident contractile 
VSMCs in the inner media dedifferentiate under influence of jet flow 
and migrate to the intimal layer producing ECM promoting the further 
influx of cells leading to thickening of the intimal. Migration of synthetic 
VSMCs leading to intimal thickening has extensively been studied in the 
pathogenesis of atherosclerosis, confirming that a large proportion of 
experimental intimal thickening arises from VSMCs [19, 27, 28]. 
Normal functioning BAVs have been associated with disturbed flow 
patterns in the ascending aorta, with regional increases in jet impact 
[13,14]. Functional phenotype of the BAV (stenosis or regurgitation) 
correlates significantly with the severity of bicuspid aortopathy [29,30]. 
In our study we could not reproduce these differences in pathology 
score features in the middle media, even if corrected for aortic stenosis/ 
regurgitation, ascending aortic dilation and raphe position. 
Importantly, 20-40% of BAV patients do not develop aortic 
complications, implicating that the BAV population is heterogeneous 
in terms of susceptibility for aortopathy. The described jet mediated 
changes in the inner layers of the aortic wall are seen in all BAV 
patients and In our study. The observed histopathology of intima and 
inner media accompanied by a VSMC phenotypic switch is a more 
general vascular pathology phenomenon most probably related to 
altered hemodynamics and shear stress as observed in many vascular 
remodeling situations [19-26].
In conclusion, the characteristic features of BAV aortopathy do not 
seem to be mediated by the hemodynamic factors related to the altered 
flow patterns specific for BAV. The jet related intimal thickening is 
observed in both TAV and BAV patients independent of dilation. The 
aortopathy found in BAV is therefore most probably primarly linked to 
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